Preface
Scientists have altered the properties of materials such as metals, alloys, polymers, and so on, to suit the ever changing needs of our society. As we entered into the twenty-first century, search of advanced materials with crack avoidance and long-term durability is on high priority. The challenge for material scientists is therefore to develop new technologies that can produce novel materials with increased safety, extended lifetime and no aftercare or a very less amount of repairing costs. To stimulate this interdisciplinary research in materials technology, the idea of compiling a book came to my mind in 2005. When I contacted one of the pioneer scientists in this field he remarked that it is too early to write a book on such a topic. His opinion was right because the field of material science and technology is rapidly advancing and it would be worth to wait few more years to include the latest updates. Thus this book is complied when the field ofself-healing materials research is not matured enough as it is in its childhood.
The title Self-healing Materials itselfdescribes the context ofthis book. It intends to provide its readers an upto date introduction of the field of self-healing materials (broadly divided into four classes-metals, polymers, ceramics/concretes, and coatings) with the emphasis on synthesis, structure, property, and possible applications. Though this book is mainly devoted to the scientists and engineers in industry and academia as its principle audience, it can also be recommended for graduate courses.
This book with its nine chapters written by international experts gives a wide coverage ofmany rapidly advancing fields of material science and engineering. The introductory chapter addresses the definition, broad spectrum of strategies, and application potentials of self-healing materials. Chapter 2 summarizes the recent advances in crack healing of polymers and polymer composites. Self-healing in most common polymeric structures occurs through chemical reactions. However, in the case of ionic polymers or ionomers healing follows a different mechanism. This is the subject of Chapter 3. Corrosion causes severe damages to metals. Encapsulated corrosion inhibitors can be incorporated into coatings to provide self-healing capabilities in corrosion prevention of metallic substrates. This is dealt in Chapter 4. Ceramics are emerging as key materials for structural applications. Chapter 5 describes the self-healing capability of ceramic materials. Concrete is the XII I Preface most widely used man made materials for structural applications. The possibility of introducing self-healing function in cements is the key subject of Chapter 6. Self-healing in metals is dealt in Chapter 7 while its subsequent Chapter 8 provides an insight of self-healing phenomenon in metallic alloys. The last chapter of this book describes the developments of a model to predict the effects of distributed damages and its subsequent self-healing processes in fiber reinforced polymer composites.
I hope the above mentioned chapters will deliver the readers useful information on self-healing material developments. I am grateful to the contributing authors of this book for their assistance to make this project a success. I would also like to thank the whole Wiley-VCH team involved in this project. Though 
Introduction
Composite materials are formed by the combination of two or more distinct materials to form a new material with enhanced properties [1] . Recently, self-healing polymers and composites have been proposed. One system in particular incorporates the use of ruthenium catalyst and urea-formaldehyde microcapsules filled with dicyclopentadiene (DCPD) [2] . Barbero and Ford [3] accomplished self-healing of glass fiber-reinforced epoxy laminates by intralaminar dispersion of healing agent and catalyst. The healing agent, DCPD, is encapsulated and then dispersed in the epoxy resin during hand layup. The catalyst is also encapsulated and dispersed in a similar manner. Vacuum bagging technique is used to consolidate the samples that are cured at room temperature. Then, experiments are performed to reveal damage, plasticity, and healing of laminates under cyclic load.
Barbero et al. [4] developed a continuous damage and healing mechanics (CDHM) model to predict the effects of damage and subsequent self-healing as a function of load history. In Ref [4] , damage and healing are represented in separate thermodynamic spaces. The damage portion of the model has been extensively identified and verified with data available in the literature [5, Chapter 8] . The self-healing portion of the previous model could not be identified or verified because of lack of experimental data for laminates undergoing distributed damage (e.g. microcracking). Until recently, data existed only for fracture toughness recovery due to healing of macrocracks [2, [6] [7] [8] . Then, Barbero and Ford [3] conducted a comprehensive experimental study to identifY the healing portion of the model. Their experimental evidence suggests that simplification of the earlier model is possible, thus motivating the model presented in this chapter. Specifically, a damage/healing model where both effects are described in a single thermodynamic space is presented, thus simplifying considerably the earlier model.
The continuum damage-healing mechanics model proposed herein consists of a continuum damage mechanics model extended to account for healing effects. The model must be identified with experimental data from unidirectional or cross-ply laminates. Therefore, a methodology for identification of the damage and healing parameters of the model is described. Once identified, the model is capable of predicting damage and healing evolution of other laminate stacking sequence (LSS). Prediction of damage, healing, damage hardening, and hardening recovery upon healing are accomplished.
The model presented herein is likely to work, with modifications, for other healing processes such as geological rock densification [9], self-healing of concrete [10, 11] , self-healing of ceramic materials [12, 13] , bone remodeling, wounded skin regeneration [14] [15] [16] , and compaction of crushed rock salt [9].
9.2

Damage Model
In this chapter, damage is represented by its effects on residual stiffness and strength. No attempt is made to identify actual microstructural modes of damage. However, various components of the model, namely, the damage variable adopted and several simplifying assumptions alje rooted in experimental evidence. The model is composed ofthree main ingredients, the damage variable, the free-energy potential, and the damage evolution equations.
9.2.1
Damage Variable
Damage represents distributed, irreversible phenomena that cause stiffness and strength reductions. The choice of damage variable has a direct impact on the number of material parameters required to describe the phenomena and the accuracy of the model predictions. In this work, damage is represented by a second-order tensor D. For convenience, the integrity tensor is defined as Q = ,Jf=l), where I is the second-order identity tensor.
Experimental evidence suggests that damage in the form of microcracks, delamination, fiber break, and so on, occur in planes parallel to the principal material directions. Therefore, it is assumed that the principal directions of damage nl, nz, n3 coincide with the material orientations Xl, Xz, X3. In this case, the damage tensor can be described by its three eigenvalues d l , d z , d 3 • Such simplification allows us to think ofthe eigenvalues as a representation offictitious, equivalent system ofcracks that represent damage in the longitudinal, transverse, and thickness directions, respectively.
The model is developed taking two configurations into account: damaged and effective. In the damaged (actual) configuration, the material is subjected to nominal stress and undergoes damage D, which results in reduced stiffness C(D). The effective configuration is a fictitious configuration where an increased effective
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stress (J acts upon a fictitious material having undamaged (virgin) elastic stiffness C. According to the energy equivalence hypothesis ([5, Chapter 8]), the elastic energy in the actual and effective configurations is identical.
The transformation of stress and strain between effective and damaged configurations is accomplished by (9.1)
where an over-bar indicates that the quantity is evaluated in the effective configuration, the superscript e denotes quantities in the elastic domain, and M is the damage e.ffect tensor defined as
The stress-strain relationship in the effective configuration is simply that of a linearly elastic material with virgin properties, given by
The constitutive equation in the damaged configuration is obtained by substituting Equations 9.3 into Equations 9.1,
where by virtue of M being symmetric and using the energy equivalence hypothesis, the constitutive tensors C and S in the damaged domain are symmetric tensors given by
Free-energy Potential (9.5)
The constitutive equations are derived from thermodynamic principles. The Helmholtz free energy includes the elastic energy and additional terms to represent the evolution of the internal parameters as follows: 
Damage Evolution Equations
The evolution ofthe internal variables is defined as follows. First, damage initiation is controlled by a damage function, such as (9.12) where Yo is the damage threshold and defines the hardening function. For plane stress, and taking into account the symmetry ofthe thermodynamic force tensor Y, the damage surface is given by Equation 9.12 with parameters AI, A 2 , BJ,
The thermodynamic force tensor is assumed to be separable into a component y N arising from normal strains and a component yS = Y -yN arising from shear strains On the other hand, the plastic strain evolution is modeled by classical plasticity formulation [5, Chapter 9] and an associate flow rule. For the yield surface, a three-dimensional Tsai-Wu criterion shape is chosen due to its ability to represent different behavior among the different load paths in stress space. Plastic strains and damage effects are coupled by formulating the plasticity model in effective stress space. Therefore, the yield surface is a function ofthe thermodynamic forces 0', R in the effective configuration as follows: (9.14) where i = 1, 2, 6, Ro is the yield stress, and R is defined by the hardening law. 
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The evolution of internal variables is defined by flow rules
in terms of plastic strain and damage multipliers ).,P, ).,d. These are found by using a return mapping algorithm [5, Chapter 9].
9.3
Healing Model
Healing represents the extent of repair of distributed damage. Similar to damage, healing is represented by second-order tensor H. Since healing can only heal existing damage, healing is represented by a diagonal tensor with principal directions aligned with those ofthe damage tensor D. The principal values hI, hz, h 3 represent the area recovery normal to the principal directions, which are aligned with the material directions Xl, XZ, X3 in the material coordinate system. As a consequence of the particular definition of damage and healing used herein, the healing model presented uses the same th~rmodynamic space for damage and healing. That is, both damage and healing are defined in the space of thermodynamic damage forces Y. In Refs [7, 19] , the crack-healing efficiency is defined as the percentage recovery of fracture toughness measured by tapered double cantilever beam (TDCB). In this chapter, it is postulated that the healing tensor is proportional to the damage tensor (9.18) The proportionality constant is the efficiency ofthe healing system. Furthermore, healing represents recovery of damage. Therefore, the principal values of the healed-damage tensor are given by (9.19) Experimentally, it is possible to measure the following (Figure 9 .1):
• the virgin moduli Gi from the initial slope of the first cycle of loading;
G the damaged moduli G i d from the unloading portion of the first cycle; and e the healed moduli G? from the loading portion of the second cycle (after healing). From these data, the efficiency is defined here as
For composites reinforced by strong fibers, the self-healing system is incapable of healing fiber damage, which results in "' 1 = o. Once the self-healing polymer is released, it travels by capillary action and penetrates all the microcracks regardless of orientation, and thus "' 2 = "' 3 = .".
Once the material damages, higher levels of thermodynamic damage force Yare required to produce more damage. Higher thermodynamic damage force requires higher stress and correspondingly higher applied strain. This process, which is called damage hardening, is represented in the model by a state variable, the hardening parameter 8, which is a monotonically increasing function that provides a threshold below which no further damage can occur. A secondary effect of healing is to reduce the hardening threshold. That is, after healing, further damage can occur below the previous damage hardening threshold because some of the damage has been repaired. The model proposed herein captures this behavior by the following reduction in the damage hardening parameter When the material is completely repaired, one has." = 1, 8 = 0, y = 0 in the hardening law and the threshold for damage returns to the value for the virgin material. Thus, the material will begin to damage at the same threshold load as that of the virgin material. When the healing agent is exhausted, ." = 0 and.the material is just a damaging material with 8 h = 8; Y i-0 in the damage hardening law, while the threshold for damage continues to increase, thus representin g the normal hardening-b ehavior ofa purely damaging material.
9.4
Damage and Plasticity Identification
For damage without healing, the damage parameters are AI, A2, B 1 , B 2 , 
• plastic strain (yt) as a function oftotal applied strain (Y6)
Cyclic shear stress-strai n tests are used to obtain the nonlinear damaging behavior (J6(Y6), as shown in Figure 9 .2. The loading modulus is measured within a range of strain specified by the standard. The unloading modulus is measured over the entire unloading portion ofthe data.
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Maximum applied strain (%) Fig. 9.3 Plastic strain versus applied strain for unidirectional, neat specimen (no self-healing system). Threshold plastic strain (Le. yield strain) is evident [3] .
Unrecoverable (plastic) strain can be observed upon unloading, but only after a threshold value of stress (Le. the yield strength) or strain (i.e. the yield strain) is reached during loading (Figure 9.3) .
Even though plastic strain is accumulated, initially the unloading modulus remains unchanged and equal to the loading modulus. For the unloading modulus to change, that is, to decrease below the value of the initial loading modulus, damage must appear. Note that the word "unloading" is added for emphasis and because the reduction in modulus is first detected during unloading of the specimen. But, of course, the modulus reduction is permanent. A reduction in the unloading modulus with respect to the initial loading modulus can be observed only after a threshold value ofstress (Le. the damage threshold stress) or strain (i.e. the damage threshold strain) is reached during loading (Figure 9.4) .
The threshold stress F6EP for appearance ofunrecoverable. 4 Shear modulus versus applied strain of unidirectional, neat specimen (no self-healing system). Threshold damage strain is evident [3] . applied strain is less than the threshold. After the threshold is reached, the loss of modulus is proportional to the applied strain. Since careful visual inspection after each loading cycle does not reveal appearance of any macrocrack, the loss of modulus is attributed and modeled as distributed damage.
Also noticeable in Figure 9 .3 is the accumulation ofunrecoverable (plastic) strain. Although the physical, microstructural, and morphological mechanisms leading to plasticity in polymers are different than those leading to plasticity in metals, from a phenomenological and modeling point ofview, unrecoverable deformations can be modeled with plasticity theory as long as the plastic strains are not associated to a reduction in the unloading modulus. The reduction in unloading modulus, which occurs independent ofthe plastic strain, can be accounted for by continuum damage mechanics. Each of these two phenomena has different thresholds for initiation and evolve with different rates. They are, however, coupled by the redistribution of stress that both phenomena induce. In the model, this is taken into account by formulating the plasticity model in terms of effective stress computed by the damage model [4] .
Shear tests reveal marked nonlinearity (Figure 9 .2) reaching almost total loss of tangent stiffness prior to failure, which occurs at large values of shear strain. Unloading secant stiffness reveals marked loss of stiffness due to damage, which worsens during cyclic reloading (Figure 9.4) . Also, unloading reveals significant plastic strains accumulating during cyclic reloading (Figure 9.3) .
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The standard test method ASTM-D-3039 is used to determine E I , E 2 , lJ12, Fit, F 2t • The standard test method SACMA-SRM-IR-94 is used to determine F Ic , F 2c . The standard test method ASTM-D-5379 is used to determine C 12 , F 6 . The configuration of ASTM-D-5379 is used to determine C 12 as a function of damage, healing, and number of cycles. Also yt, FF, F~D are found using the same test configuration.
The identification procedure linking the damage and plasticity parameters to the measured material properties is described in Ref. [5, Chapter 9].
9.5
Healing Identification
For healing modeling, all that is required is experimental determination of the healing efficiency as a function of damage. Under shear loading C12, the amount otdamage d l in the fiber direction is negligible when compared to the amount of damage d 2 transverse to the fibers. Therefore, the change in the (unloading) shear modulus due to both damage and healing is given by
and the healing efficiency can be calculated as
Taking into account that the induced damage d 2 is a function of the applied strain, it is possible to represent the efficiency as a function of damage with a polynomial as follows:
as shown in Figure 9 .5.
Twenty-two unidirectional samples containing self-healing system were loaded in shear with one and one-half cycles consisting ofloading, unloading, followed by 48 h ofhealing time, and reloading [3] . Each specimen was loaded to a unique value ofmaximum applied shear strain in the range 0.5 -4.0% with roughly equal number of specimens loaded up to 0.5, 1.0, ... , 4.0% at intervals of 0.5%. A yield strain threshold value of 0.43% was found for the specimens with self-healing system [3] . Recovery was measured for each level ofstrain and from it the healing is calculated using Equation 9.23. The tests used to characterize efficiency consist oftwo loading cycles separated by healing. For the particular situation of just one reloading after healing, such as in these tests, efficiency is a function of strain as well as damage. However, for the more general case of multiple loading cycles, the amount of damage is a more appropriate independent variable to define the efficiency function. Damage is a state variable; that is, damage describes univocally the state ofaccumulateddamage regardless of the path followed to reach such damage. The total strain applied during multiple loading cycles is not a state variable because it can be achieved by various combinations of strain applied on each cycle. Each different combination would yield, in general, a different amount ofdamage. Therefore, even though applied strain is measured in the experiments, the amount ofinduced damage, not strain, is used to define the efficiency function. Shear tests are performed Maximum applied shear strain (%) Fig. 9 .6 Owing to hardening, increasingly large amounts of strain must be applied in order to produce more damage.
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at strain levels of 0.25 .. .4%. The healing efficiency from all specimens at each strain level (or damage level) are used to fit Equation 9.24, as shown in Figure 9 .6.
9.6
Damage and Healing Hardening
Damage is represented by a state variable that accounts for the history of damage along the material principal directions (1, fiber-; 2, transverse-; 3, thickness direction). Once a certain level of damage is present, it takes higher stress (or strain) to produce additional damage (Figure 9 .6). In this case, it is said that the material hardens. Damage hardening is represented by a hardening function, which is a function of the hardening variable o. The effect of the hardening function is to enlarge the damage surface (Equation 9.12) that limits the stress space where damage does not occur. Damage hardening is represented in Figure 9 .6 by a logarithmic function
as shown in Figure 9 .5. It can be seen that additional strain must be applied in order to increase the amount of damage, thus hardening takes place. Healing has two effects. First, it reverses some or all of the damage so that the stiffness of the material is recovered. At the same time, it resets the hardening threshold to a lower value, so that new damage can occur upon reloading at lower stress than would otherwise be necessary to cause additional damage on an unhealed material. This is merely a computational description of experimental observations. Such behavior can be interpreted as follows. The healed material can be damaged by reopening of the healed cracks, by creating new cracks, or by a combination thereof. In any case, the hardening function must be reset upon healing to be able to represent correctly the observed behavior.
In order to update hardening due to healing, first it is necessary to calculate how much of the damage can be healed. Since the self-healing system can only heal matrix damage, the damage that can be healed in the fiber direction is zero. The total damage that can be healed is then calculated as the sum of the damage in the two directions that can be healed (9.26) Next, the ratio of damage that can be healed in each direction to the total damage are calculated as (9.27) By taking the healing efficiency into account, the amount of hardening recovered from healing in each direction can be calculated as (9.28)
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Then, the overall hardening recovered from healing is calculated as (9.29)
The amount of hardening recovered fJ-due to healing depends on the amount of healing that occurs in each direction. If the damage and healing phenomena are dominant in one direction, then that direction's healing efficiency will control the amount of recovery of hardening. Finally, the damage hardening parameter is updated as (9.30)
Verification
The damage-healing model was identified using experimental data from a [0/90] symmetric as explained in Sections 9.4-9.6. Material properties are shown in Table 9 .1.
ANSYS is compiled with a user subroutine implementing the damage-healing model. Finite element analysis is then used to represent the behavior ofthe sample materials. Model prediction and experimental data from a [0/90] specimen not used in the material characterization study and a quasi-isotropic [0/90/45/ -45]5 laminate are presented here for verification.
Shear tests of a single [0/90]5 specimen was preformed. Quasi-static tests of the specimen loaded to 2.25% strain, unloaded, healed, and loaded again are shown in Figure 9 .7. It can be seen that the computational model tracks the damaging Stress-strain behavior very well. Furthermore, the healing efficiency for this particular specimen was calculated using Equation 9.23 and used in the model. Comparison between experimental data and model prediction for the second (healed) loading of the specimen is shown also in Figure 9 .7, where it can be seen The parameters a", b", kif of all the specimens loaded to the same strain level (say 2.25%) are then averaged. Comparison of model predictions with the first (damaging) loading up to 2.25% strain is shown in Figure 9 .8. The damage model predicts the actual damaging behavior very well. This is notable because the model parameters were adjusted with an entirely different set of samples, which shows significant variability (see Table 9 .1 and [3, Table 2] ). Comparison of model predictions with the second loading (after healing) of the same set of four samples is shown in Figure 9 .8. Again, the accuracy of the model is remarkable.
In summary, microcapsules were fabricated in the same manner outlined in the literature. Grubbs' first generation ruthenium catalyst was encapsulated in the same manner outlined in the literature. Fiber-reinforced laminates were fabricated with the self-healing system dispersed within the laminae. Tests were conducted to quantify the damage, plasticity, and healing parameters in the self-healing computational model. Additional tests on samples not used in the parameter identification were performed in order to verify the predictive capabilities of the ....
- (J) .... proposed model. It is observed that the proposed computational model tracks well the loss of stiffness due to damage, damage hardening, healing recovery, healing hardening, and damaging stress-strain behavior after healing.
